Proteasome storage granules (PSGs) are created in yeast as part of an extensive and programmed reorganization of proteins into reversible assemblies upon carbon source depletion. Here, we demonstrate that cells distinguish dysfunctional proteasomes from PSGs on the cytosolic insoluble protein deposit (IPOD). Furthermore, we provide evidence that this is a general mechanism for the reorganization of additional proteins into reversible assemblies. Our study expands the roles of the IPOD, which might serve not only as the specific depository for amyloidogenic and misfolded proteins, but also as a potential hub from which proteins are directed to distinct cellular compartments. These findings therefore provide a framework for understanding how cells discriminate between intact and abnormal proteins under stress conditions to ensure that only structurally 'correct' proteins are deployed.
INTRODUCTION
The 26S ubiquitin proteasome system (UPS) is a highly conserved multi-subunit complex that catalyzes the degradation of a large fraction of intracellular proteins (Hershko and Ciechanover, 1998) . The degradation of most proteins is initiated by polyubiquitin chain labeling, which leads to their recognition by the UPS (Tanaka, 2009) . The 26S proteasome is comprised of a 20S core particle and two 19S regulatory particles that are further divided into lid and base complexes (Hershko and Ciechanover, 1998) . Immunoelectron microscopy experiments (Wilkinson et al., 1998) and fluorescent microscopy of GFP-tagged proteasome subunits (Enenkel et al., 1999) have established that the 26S proteasome is highly enriched in the nucleus. In exponentially growing yeast cells, 80% of the 26S proteasomes are localized inside the nucleus throughout the cell cycle (Enenkel et al., 1999; Russell et al., 1999) . Various fundamental cellular processes are mediated by the UPS, among them, protein quality control (PQC), which relies on a number of pathways through which the cell removes abnormal and toxic proteins generated as a result of internal or external environmental damage (Ciechanover, 2005; Fukunaga et al., 2010) . Under such conditions, yeast proteins that are designated for insoluble aggregate deposition and are not degraded by the UPS, are mobilized to the insoluble protein deposit (IPOD) (Kaganovich et al., 2008; Spokoini et al., 2012) .
Although ubiquitin-mediated proteasomal degradation of many proteins plays a key role in PQC, the proteasome itself can become dysfunctional. Recently, we identified the regulatory pathways and the identity of the cellular machinery that mediates the sorting, sequestration and elimination of mutated and misassembled proteasomal subunits (MMPs) . We demonstrated that among the multilayered quality control mechanisms, the UPS can degrade its own MMPs. However, when the proteasome is sufficiently impaired, these subunits accumulate in the IPOD, a process mediated by the chaperone Hsp42 (Peters et al., 2015) .
In addition to the process induced by MMPs, proteasome relocalization also occurs as part of a widespread-programmed reorganization of nuclear and cytoplasmic proteins into reversible assemblies (Narayanaswamy et al., 2009) . When a series of yeast strains were grown to stationary phase, a surprising number of proteins involved in intermediary metabolism and the stress response were observed to form punctate cytoplasmic foci (Narayanaswamy et al., 2009) . Recent studies have focused on the characterization of the puncta that form as a result of the massive cytoplasmic relocalization of proteasome subunits into proteasome storage granules (PSGs) (Laporte et al., 2008; Peters et al., 2013) . These reservoirs are induced mainly upon carbon source depletion and the resulting acidification of the cytoplasm (Laporte et al., 2008; Peters et al., 2013) . It has been suggested that PSGs might act as cellular reservoirs, which might help protect the proteasome. When conditions improve, and glucose becomes available again, PSGs disperse, allowing cells to quickly reenter the cell cycle without waiting for new proteasomes to assemble de novo.
Although we recently identified the cellular machinery that mediates the sorting or elimination of MMPs (Peters et al., 2015) , the regulatory pathways that control the sequestration of the proteasome from the nucleus to form PSGs have not been elucidated. Furthermore, it was unclear whether MMPs and PSGs represent similar or distinct cytosolic inclusions, and how they are distinguished by the PQC machinery.
In this study, we demonstrate that the IPOD compartment, which was previously considered as the 'final destination' for insoluble proteins, plays an essential role in distinguishing between PSGs, which require the presence of intact core particles and regulatory particles for their formation, from dysfunctional proteasome inclusions, and subsequently, in their sequestration into distinct cellular compartments. Moreover, we provide evidence that this is a general mechanism for the reorganization of additional proteins into reversible assemblies for coping with carbon starvation.
RESULTS

PSGs colocalize with the heat-shock protein Hsp42 during their formation and dissociation
We have recently used a mutated proteasome lid subunit (termed rpn5ΔC ) in Saccharomyces cerevisiae, to show that the nuclear mis-localization and the cytosolic inclusions formed by the GFP-tagged form of this mutant (GFP-rpn5ΔC ), are localized to the IPOD and represent MMPs (Ben-Aroya et al., 2010; Peters et al., 2015) . The additional cytosolic puncta created by PSGs, which form as a result of carbon source exhaustion, are commonly visualized by fusing GFP to various wild-type (wt) proteasome subunits, such as Rpn5 (Rpn5-GFP) (Laporte et al., 2011 (Laporte et al., , 2008 Peters et al., 2013) . Although these proteasome inclusions appear microscopically similar (Fig. 1A) , we wished to first investigate whether they represent related or distinct cytosolic inclusions.
To address this question, we examined the role of the heat-shock chaperone Hsp42 in the assembly and sorting of the proteasome into PSGs; this protein has been shown to play a vital role in the targeting and sorting of aggregation-prone proteins to disposal sites or inclusions (Specht et al., 2011) , and to colocalize with GFP-rpn5ΔC in the IPOD (Peters et al., 2015) . The role of Hsp42 in controlling inclusion formation is not restricted to proteotoxic stress, but is also important for sequestration of specific proteins in quiescent yeast cells (Liu et al., 2012) . To examine its function in PSGs, a log-phase culture grown in rich medium was washed and transferred to glucose-free synthetic medium (synthetic complete). At time 0 (Fig. 1B ), Hsp42 tagged with tomato fluorescent protein (Hsp42-TFP) was almost undetectable, whereas Rpn5-GFP was enriched in the nucleus. However, after glucose deprivation, Hsp42-TFP aggregated into bright dots in 100% of the cells (n>200); these bright dots strongly colocalized with 87% (n>200) of the PSGs, which started to appear 10 h after carbon depletion. However, in contrast to the GFP-Rpn5ΔC signal, which remained colocalized with Hsp42-TFP following carbon depletion throughout the experiment (100%, n>200) (Fig. 1C) , the wt Rpn5-GFP colocalization with Hsp42-TFP was transient under prolonged incubation (96 h) resulting in a clear separation between cytosolic GFP and TFP inclusions in most of the cells (90%, n>200). When (Peters et al., 2015) , the temperature-sensitive allele of RPN5 (Rpn5ΔC-GFP; SB148) expressed in logarithmically growing cells at the semi-permissive temperature (30°C) in rich medium (SD), localizes to the IPOD. Images represent high-resolution (taken with a 63× objective) images of a single plane chosen from z-series images extending above and below the entire cell. Cells were visualized by differential interference contrast (DIC) microscopy. The GFP and mCherry channels were used to visualize the GFP, and TFP or mCherry fluorescence, respectively. Scale bars: 5 μm.
we examined the behavior of Rpn5-GFP and Hsp42-TFP after nutrient restoration, we observed that the re-localization of PSGs into the nucleus was associated with the colocalization and a separation of Rpn5-GFP from Hsp42 ( Fig. 1D ; Movies 1 and 2). Importantly, in accordance with Laporte et al. (Laporte et al., 2008) , similar results were obtained when we repeated the experiment in the presence of cycloheximide (Fig. S1A , Movie 3), indicating that the Rpn5-GFP nuclear signal originated from the Hsp42 puncta, and was not the result of de novo protein synthesis.
Laporte et al. who were the first to identify and define PSGs, have observed that starved yeast eject proteasomes from the nucleus through the nuclear periphery (Laporte et al., 2008) . Our study identified an additional step in PSG formation. This stage (termed here 'early PSGs') is characterized by the transient colocalization of the proteasome with an Hsp42-containing compartment, prior to their separation and the formation of the mature PSGs. In accordance with the stepwise formation of PSGs, we followed the kinetics of PSG formation, this time in a large population of cells (n>200) co-expressing labeled regulatory particle (Rpn5-GFP) and core particle (Pre6-mCherry) subunits ( Fig. 2A ). These subunits were co-expressed, to ensure that, as was previously described (Laporte et al., 2011 (Laporte et al., , 2008 Peters et al., 2013) , proteasome core particles and regulatory particles both remain localized to PSGs throughout the process. At time 0, Rpn5-GFP and Pre6-mCherry fluorescence localized to the nucleus in 100% of the cells. Resuspension of the cells in synthetic complete medium led to the formation of a single puncta in 50%, and later in 90% of the cells, after 10 and 24 h, respectively; these puncta probably represent the early PSGs. The two puncta observed in 70% of the cells after 48 h, probably represent early and the mature PSGs, which started to form at this time point. The single mature PSGs, which completed their separation from the early PSGs structures, were observed after longer incubation under the same conditions (96 h). At this time point, the majority of the cells (95%) displayed a single punctum.
Early PSGs colocalize with the IPOD compartment
Hsp42 is associated with amyloidogenic prions such as Huntingtin PolyQ aggregates, and the glutamine-rich yeast prion protein Rnq1, and it has been suggested that Hsp42 is a marker for the IPOD (Amen and Kaganovich, 2014; Wang et al., 2007; Yang et al., 2014) . Accordingly, transient Hsp42 association with the 'early PSGs' might indicate that the first step in PSG formation occurs in the IPOD. To further support this possibility, we first showed that, similar to the IPOD, which has been defined as being located at juxtavacuolar sites, early PSGs are attached to the vacuoles labeled Fig. 1B , with cells co-expressing Rpn5-GFP (regulatory particle) and Pre6-TFP (core particle). The localization of Rpn5-GFP and Pre6-TFP was scored as being nuclear, or showing one or two Rpn5 and Pre6 puncta (1×Rpn5/Pre6 and 2×Rpn5/Pre6, respectively). Error bars show the s.d. between two independent experiments. (B) Early PSGs are attached to the vacuoles. Cells co-expressing Rpn5-GFP and the vacuole marker Vph1-mCherry were grown to logarithmic phase [time (t)-0] in SD at 30°C, then re-suspended in synthetic complete medium, and visualized after 24 h. The percentage of the cells showing a single large perivacuolar puncta is indicated at the merge panel (n=50). (C) Early PSGs colocalize with Hsp42, whereas mature PSGs and the IPOD are distinct cytosolic inclusions. Logarithmically growing (t-0) cells co-expressing Rpn5-GFP, Hsp42-TFP and Rnq1-BFP (YSB1209) were re-suspended in synthetic complete medium for 5 days at 30°C. The percentage of cells showing colocalization between the GFP, TFP and BFP, are indicated in the merge panel (n>50). The mature PSGs, which separated from the early PSGs, are indicated by a white arrow. The GFP, mCherry and DAPI channels were used to visualize the GFP, TFP or mCherry, and BFP fluorescence, respectively. Scale bars: 5 μm.
with Vph1-mCherry, subunit a of the vacuolar-ATPase V0 domain (Fig. 2B) . Whereas Hsp42 is a marker for the IPOD (Amen and Kaganovich, 2014; Yang et al., 2014) , under stress it can also be observed in Q-bodies or stress foci (Escusa-Toret et al., 2013; Spokoini et al., 2012) , which have been shown to concentrate different misfolded and stress-denatured proteins en route to degradation, but do not contain amyloid aggregates, which localize instead to the IPOD (Torres et al., 2010) . Notably, in most of the cells co-expressing Rpn5-GFP, Hsp42-TFP and Rnq1-BFP, that were grown in synthetic complete medium, the Hsp42-TFP and Rpn5-GFP puncta representing the IPOD, colocalized with the amyloidogenic prion as visualized with Rnq1-BFP (Fig. 2C) . This association strongly suggests that, in most cases, the large Rpn5-GFP and Hsp42-TFP cytosolic puncta represents the IPOD, rather than Q-bodies or stress foci, and that additionally to heat stress, the condition that is most commonly used to induce IPOD formation (Kaganovich et al., 2008; Torres et al., 2010) , that the IPOD can be also formed as a result of carbon depletion. Next, we employed the experimental configuration described for Rpn5-GFP and Hsp42-TFP, this time using another commonly used IPOD marker, the chaperone Hsp104-TFP, which has been shown to disaggregate misfolded proteins destined to be processed in the IPOD (Escusa-Toret et al., 2013; Hill et al., 2014; Spokoini et al., 2012) . In accordance with the kinetics observed for Hsp42 and Rpn5-GFP, carbon depletion led to the association of early PSGs with Hsp104, and subsequently to their separation during prolonged incubation in nutrient-depleted conditions (Fig. 3A) .
We have recently shown that Hsp42 plays an essential role in mediating the sequestration of MMPs to the IPOD (Peters et al., 2015) . We therefore wished to determine whether PSG formation is affected in Δhsp42 cells co-expressing Rpn5-RFP and Hsp104-GFP, grown in synthetic complete medium. The results showed that PSGs formed similarly to those formed in wt cells (Fig. S1B,C) , and presented the same colocalization, followed by a later separation from the IPOD. Additionally, the deletion of HSP42 had no effect on the behavior of Rpn5-RFP and Hsp104-GFP after nutrient restoration in the presence of cyclohexamide, given that, similarly to the wt, the re-localization of PSGs into the nucleus was associated Fig. 2C , this time using another common IPOD marker, the chaperone Hsp104-TFP. As expected, at the initiation of the experiment, Rpn5-GFP was localized to the nucleus in 100% of the cells in a logphase culture grown in rich medium (Peters et al., 2013) . In accordance with the kinetics observed for Hsp42 and Rpn5-GFP, carbon depletion led to the formation of early PSGs in 98% of the cells after 24 h, with 50% of these aggregates inclusions associated with Hsp104-TFP puncta. However, after prolonged incubation in the same medium, 88% of the early PSGs colocalized with Hsp104-TFP (t-72hrs). At this time point, mature PSGs began to form, and most completed their separation from the early PSGs in 90% of the cells at 96 h, with only 10% of the cells still showing colocalization between Hsp104-TFP and Rpn5-GFP (n>200 at each of the indicated time points). The white arrows indicate the matured PSGs which completed their separation from Hsp104-TFP. (B,C) Rpn5ΔC is localized to the IPOD in starved cells. Similar to Fig. 1A , but in cells co-expressing GFP-Rpn5ΔC, and the IPOD markers Hsp104-TFP (YSB747) (B) or Rnq1-BFP (YSB1215) (C). (D) PSG formation requires the presence of functional lid subunits. Cells expressing either Rpn5-GFP (YSB398) (top), or GFP-Rpn5ΔC (YSB745) (bottom) together with the core particle subunit Pre6-mCherry, were grown for 5 days in rich medium at 30°C (YPD or YP-GAL, respectively) to induce the formation of PSGs. These cells were then allowed to recover by re-suspension in fresh medium (recovery). The GFP and mCherry channels were used to visualize the GFP, and TFP or mCherry fluorescence, respectively. Scale bars: 5 μm.
with the colocalization and separation of Rpn5-RFP from Hsp104 (Fig. S2A) .
Taken together, these results strongly suggest that early PSGs colocalize with the IPOD compartment, independently of Hsp42, prior to their separation to form a distinct deposition site, and that the IPOD might serve not only as the well-established and characterized sequestration site, but also as a functional sorting compartment.
PSG formation requires the presence of intact 20S core particle and 19S regulatory particles
The different colocalization patterns with the IPOD imply that the PSGs and dysfunctional proteasomes are two distinct types of proteasome inclusions, and are thus sorted to distinct cellular compartments. We have shown that in strains harboring a dysfunctional proteasome, the misassembled proteasomal subunits are sequestered and retained in the IPOD, to preclude their delivery by the parental cells to subsequent generations (Peters et al., 2015; Spokoini et al., 2012) , even when cells are grown in synthetic complete medium for 5 days (Fig. 1C, Fig. 3B,C) . In contrast, the transient association between PSGs and the IPOD, suggests that PSGs might contain potentially functional regulatory particle and core particle subunits. To further examine this idea, we followed PSG assembly in cells co-expressing Rpn5-GFP, and the labeled core particle Pre6-mCherry. After 5 days of carbon depletion, the proteasomal lid and core subunits colocalized in the assembled PSGs, and relocalized back into the nucleus upon carbon source replenishment (Fig. 3D, top) . These results support previous biochemical evidence showing that the reduction in proteolysis in yeast cells entering a stationary phase is correlated with disassembly of 26S proteasome holoenzymes into intact 20S core particle and 19S regulatory particle components, which rapidly reassemble, with resumption of proteolysis, prior to the restoration of growth (Bajorek et al., 2003) . In contrast, and in agreement with a recent study (Saunier et al., 2013) , when a similar experiment was performed using the GFP-Rpn5ΔC mutant, which exhibits impaired lid assembly, the Pre6-mCherry signal was dispersed, and was no longer embedded in the form of PSGs, whereas Rpn5ΔC remained localized in the IPOD (Fig. 3D, bottom) . Taken together, these results suggest that PSG formation requires the presence of both intact core and regulatory particles.
Carbon exhaustion leads to the transient colocalization of Hsp42 with additional proteins
In addition to PSGs, many other proteins that are diffusely spread in the nucleus or the cytoplasm of dividing yeast cells relocalize into cytoplasmic foci upon carbon source exhaustion (Narayanaswamy et al., 2009; Peters et al., 2013) . We next asked whether the transient colocalization with the IPOD is unique to PSGs, or whether the IPOD can mediate the spatial regulation of other proteins, which takes place upon glucose deprivation. To test this, we followed the 'stationary-phase granules' (SPGs), formed by the nuclear histone deacetylase, Hos2. In agreement with Jun-Yi Leu and colleagues (Liu et al., 2012) , we demonstrated that Hsp42 colocalized to Hos2 SPGs in 99% of cells in response to carbon depletion (Fig. 4A) . However, when we extended the incubation time in the same medium, we found that similarly to PSGs, Hos2-GFP subsequently separated from Hsp42-TFP in 100% of the cells. Similar results were obtained with two additional proteins, the catalytic subunit of the complex between DNA polymerase I α and primase Pol1 (Fig. 4B) , and the nucleolar protein Brx1 (Fig. 4C ), which were randomly selected from a list of nuclear proteins that have been shown to form cytosolic inclusions in starved yeast cells .
These results suggest that the association and separation from the IPOD might represent a general quality control step, that affects not only PSG formation, but might also be the signal for cytosolic protein relocalization in response to carbon source exhaustion.
DISCUSSION
In this study, we use the yeast Saccharomyces cerevisiae, to identify a new step in the formation of PSGs upon carbon depletion. We reveal for the first time that the cytoplasmic re-localization of proteasome subunits into PSGs, is a regulated process, and that cells distinguish dysfunctional proteasomes from PSGs at the IPOD.
Proteasome subunits have been shown to migrate first to the nuclear periphery in response to carbon depletion, and then to rapidly colocalize into PSGs (Laporte et al., 2008) . Our study identified an additional step in their formation and dissociation, the transient colocalization with the IPOD. The stepwise formation of PSGs, as opposed to the retention of dysfunctional proteasome in the IPOD, implies that the cytosolic inclusions formed by PSGs and MMPs are distinct proteasome inclusions, and that PSGs likely contain potentially functional lid and core subunits. Consistent with this notion, we show that PSG formation requires the presence of intact proteasome lid and core subunits. Our results demonstrate that proteasome sequestration to deposition sites is highly regulated, and requires a quality control step. We suggest that this regulation ensures that upon carbon depletion, proteasome subcomplexes embedded in PSGs remain intact. Additionally, when conditions improve, the 26S proteasome originating from the mature PSGs, is able to assemble properly to support re-entry into the cell cycle, even in the absence of de novo protein synthesis (Laporte et al., 2011 (Laporte et al., , 2008 .
Thus, we propose that the regulatory step described here is essential for distinguishing between functional and dysfunctional proteasome subunits, prior to their sequestration into deposition sites. Remarkably, we show that this step occurs in the IPOD; however, it should be noted that we cannot rule out the possibility that before being routed to the IPOD or sent back into PSGs or the nucleus, the triage might happen in pre-IPOD spaces that also colocalize with Hsp42 such as Q-bodies or stress foci, or the intrauclear quality control compartment (INQ) residing in the nucleus and the cytosol, respectively (Escusa-Toret et al., 2013; Miller et al., 2015; Spokoini et al., 2012) .
It is well established that terminally aggregated proteins, or mutated proteasome subunits, are sequestered to the IPOD, in order to restrict their retention in the cytoplasm, and preclude delivery by the parental cells to subsequent generations (Amen and Kaganovich, 2014; Miller et al., 2015) . These studies indicate that the IPOD is the final destination for protein aggregates that cannot be disassembled, and thus could become cytotoxic. Hence, although the finding that mutated proteasomes are retained in the IPOD was expected (Fig. 1C, Fig. 3B,C) , the dissociation of 'early PSGs' from the IPOD is the first example of a functionally intact protein that departs from the IPOD en route to its final destination. We therefore suggest that in addition to the role described by Lindquist et al. for the IPOD as the site where prions undergo a maturation process (Tyedmers et al., 2010) , this structure is also the site at which proteins are sorted to distinct cellular compartments in starved cells, and that the IPOD might serve not only as the wellestablished and characterized sequestration site, but also as a functional sorting compartment.
The initial colocalization, followed by the dissociation of other protein inclusions from the IPOD suggests that the association and separation from the IPOD might represent a general quality control step that affects not only PSG formation, but more broadly, might be the signal for cytosolic protein relocalization in response to carbon source exhaustion. The heat shock protein Hsp42 was previously demonstrated to efficiently co-aggregate with peripheral foci, suggesting that this chaperone is directly involved in the targeting of aggregation-prone proteins to these sites and in mediating protein retention at the periphery (Specht et al., 2011) . Accordingly, we have recently shown that Hsp42 plays an essential role in mediating the sequestration of MMPs to the IPOD (Peters et al., 2015) . The molecular basis of Hsp42 function in promoting its association with misfolded proteins is largely unknown. It has been previously suggested that the versatile dynamic oligomers formed by Hsp42 might function as a scaffold that promotes protein-protein interactions (Eyles and Gierasch, 2010; Haslbeck et al., 2005; Sun and MacRae, 2005) . Based on this hypothesis, we propose that the structurally abnormal features of the proteosome induced by the presence of Rpn5ΔC, promote an acute stress reaction, inducing the formation of higher Hsp42 oligomers, which further accumulate into MMP inclusions in the IPOD. We therefore wished to determine whether PSG formation is affected by the functional status of Hsp42 in cells mutant for this chaperone grown in synthetic complete medium (Figs S1B and S2A) . The results showed that PSGs formed similarly to those formed in wt cells. These results indicate that although Hsp42 is 'alerted' by the presence of dysfunctional proteasome, thereby inducing the retention of MMP inclusions within the IPOD, it remains inert to the presence of intact 20S core and 19S regulatory particle components embedded in the 'early PSGs'. As a result, these components are not retained in the IPOD, and are thus directed to a distinct inclusion site represented by the 'mature PSGs' (for a model, see Fig. 5 ). Our finding that in Δhsp42 cells early PSGs are still formed and transiently localize to the IPOD (Figs S1B and S2A), is consistent with other studies showing that Hsp42 had no effect on the formation of RNQ1-mCherry aggregates in the IPOD (Specht et al., 2011) or that IPOD inclusions are still forming in HSP42 mutant cells, indicating for a dispensable role of Hsp42 in IPOD formation but not for Q-body formation (Escusa-Toret et al., 2013) . These results suggest the existence of another, as yet unidentified, cellular signal, which promotes the transient association between PSGs and other proteins with the IPOD. Furthermore, although the formation of the IPOD is thought to rely on a functional microtubule cytoskeleton (Kaganovich et al., 2008) , the identity of the cellular machinery that mediates the sorting of the proteins to their final deposition sites subsequent to their separation from the IPOD, remains another open question that will require future studies. (Peters et al., 2013) , which triggers proteasome regulatory and core particle nuclear mislocalization through the nuclear periphery. These subunits transiently colocalize with the IPOD markers Hsp42, Rnq1 and Hsp104, to form cytosolic inclusions, which we define here as early PSGs. (ii) In contrast to mutated proteasome, which is retained in the nucleus (Peters et al., 2015) , the subsequent dissociation of the proteosome core and regulatory particle subunits from Hsp42, Rnq1 and Hsp104 suggests that in this case, the proteasome is designated as potentially functional, and therefore these subunits are specifically targeted into mature PSGs. (iii) This process is reversible when carbon is added back to the medium.
Overall, our observations reveal that cells distinguish PSGs from dysfunctional proteasome in the IPOD. The initial colocalization, followed by the dissociation of other protein inclusions with Hsp42, suggest that this is a general mechanism for the reorganization of additional proteins into reversible assemblies for coping with carbon starvation. Our findings therefore expand the roles of the IPOD, which might serve not only as the specific depository for amyloidogenic and misfolded proteins, but also as a potential triage site from which proteins are directed to distinct cellular compartments.
The mechanism of PSG regulation by the PQC in yeast might provide a framework for understanding how cells discriminate between intact and abnormal proteins in higher eukaryotes, to ensure that only structurally 'correct' proteins are deployed.
MATERIALS AND METHODS
Yeast strains, plasmids and growth conditions
Unless otherwise stated, all the strains used in this study are isogenic to BY4741, BY4742 or BY4743 (Brachmann et al., 1998) . The relevant genotypes are presented in Table S1 . Deletions, GFP, TFP and mCherry fusions were generated using one-step PCR-mediated homologous recombination as previously described (Goldstein and McCusker, 1999; Longtine et al., 1998) . For all deletions, the selection markers replaced the coding region of the targeted genes. GFP, TFP and mCherry were fused at the 3′ end of the coding region of the targeted genes, by replacement of their stop codons (Goldstein and McCusker, 1999; Longtine et al., 1998) . The strain harboring the GAL1 promoter was placed at the N-terminal of RPN5ΔC as was previously described (Peters et al., 2015) .
Plasmids
The ADH1-RNQ1-BFP-URA3 plasmid was created by using a PCRmediated homologous recombination, to replace the mitochondrial localization signal (mt) on the ADH1-mt-BFP-URA3 plasmid (a gift from Maya Schuldiner, The Weizmann Institute for Science, Rehovot, Israel) by the RNQ1 gene.
Growth conditions
Yeast cells were grown in synthetic complete medium [SC; 0.17% yeast nitrogen base, 0.5% (NH 4 ) 2 SO 4 , and amino acids], supplemented with either 2% glucose (SD), or galactose (SC-GAL). Unless otherwise stated, cells were grown at 30°C. As described previously (Lev et al., 2013; Peters et al., 2013) , for logarithmic culture, cells were grown for 16-18 h and then back diluted 10× with fresh medium and allowed to grow for 2 h. For carbon starvation experiments, cells were grown in medium containing 2% glucose or galactose to logarithmic phase, collected by centrifugation (16,000 g for 1 min), washed once, and re-suspended in the same medium lacking the carbon source. Alternatively, cells were suspended in the same growth medium for at least 4-5 days to deplete the carbon source.
Microscopy
Microscopy was performed as previously described (Peters et al., 2013) . Briefly, cells were observed in a fully automated inverted microscope (Zeiss observer. Z1 Carl Zeiss, 45 Inc.) equipped with an MS-2000 stage (Applied Scientific Instrumentation), a Lambda DG-4 LS 300 W xenon light source (Sutter Instrument), a 63× oil 1.4 NA Plan-Apochromat objective lens, and a six-position filter cube turret with a GFP filter (excitation, BP470/40; emission, BP525/50; Beamsplitter, FT495), a HcRed filter (excitation, BP592/24; emission, BP675/100; Beamsplitter, FT615), and a DAPI filter (excitation, G365; emission, BP445/50; Beamsplitter, FT395) from Chroma Technology Corp. Images were acquired using a CoolSnap HQ2 camera (Roper 2 Scientific). The microscope, camera and shutters (Uniblitz) were controlled by AxioVision Rel. 4.8.2. Images are a single plane of z-stacks performed using a 0.7 μm step.
